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Epigenetic changes, such as DNA methylation or histone modiﬁcation, can remodel the
chromatin and regulate gene expression. Remodeling of chromatin provides an efﬁcient
mechanism of transducing signals, such as light or nutrient availability, to regulate gene
expression. CLOCK:BMAL1 mediated activation of clock-controlled genes (CCGs) is cou-
pled to circadian changes in histone modiﬁcation at their promoters. Several chromatin
modiﬁers, such as the deacetylases SIRT1 and HDAC3 or methyltransferase MLL1, have
been shown to be recruited to the promoters of the CCGs in a circadian manner. Interest-
ingly, the central element of the core clock machinery, the transcription factor CLOCK, also
possesses histone acetyltransferase activity. Rhythmic expression of the CCGs is abol-
ished in the absence of these chromatin modiﬁers. Recent research has demonstrated
that chromatin remodeling is at the cross-roads of circadian rhythms and regulation of
metabolism and aging. It would be of interest to identify if similar pathways exist in the
epigenetic regulation of memory formation.
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EPIGENETIC REGULATION OF MEMORY FORMATION: IS THE
CIRCADIAN CLOCK INVOLVED?
“Epigenetics” literally means “above genetics.” It is deﬁned as the
studyof heritablechangesingeneexpressionthatdoesnotinvolve
anychangetotheDNAsequence. Suchchangesingeneexpression
can be brought about by a variety of mechanism that involves
a combination of post-translational modiﬁcations of histones,
remodeling of chromatin, incorporation of histone variants, or
methylationofDNAonCpGislands.Histoneacetylationisamark
foractivationoftranscription,whichisachievedbyremodelingthe
chromatintomakeitmoreaccessibletothetranscriptionmachin-
ery (Jenuwein and Allis,2001). Histone methylation, on the other
hand, acts as a signal for recruitment of chromatin remodeling
factors which can either activate or repress transcription. DNA
methylation leads to compaction of the chromatin and causes
genesilencing. Manyof theseepigeneticeventsarecrucialinbrain
function (Zocchi and Sassone-Corsi, 2010).
Transcriptionofgenesiscriticalinsynapticplasticityandestab-
lishment of long-term memory. The role of histone modiﬁcations
and DNA methylation has been elucidated in memory formation
(Barrett and Wood, 2008; Day and Sweatt, 2011). CREB-binding
protein (CBP) is a well characterized histone acetyltransferase
(HAT) that is recruited by CREB and plays a role in learning and
memory. SeveralmousemodelsharboringmutationsinCBPhave
been generated and all of them have demonstrated varied defects
in learning and memory (Barrett and Wood, 2008). Demonstrat-
ing the importance of DNA methylation, impairment in memory
was also observed in mice deﬁcient in DNA methyltransferase
(DNMT) 1 and DNMT 3a in the forebrain excitatory neurons
(Feng etal.,2010).
Atime-of-dayeffectisobservedinmemoryformation,thereby
linkingthecircadianclocktothisbiologicalprocess(Gerstnerand
Yin,2010). Long-termpotentiation(LTP)inthehippocampushas
been demonstrated to undergo circadian changes (Barnes etal.,
1977;Chaudhuryetal.,2005).Arrhythmicper0 mutantDrosophila
melanogaster have defects in long-term memory formation (Sakai
etal., 2004). Interestingly, phosphorylation of mitogen-activated
protein kinase (MAPK) displays rhythmicity in the hippocam-
pus and inhibition of this oscillation leads to impairment in the
persistence of long-term memory (Eckel-Mahan etal., 2008).
Circadian clocks are present in almost all the tissues in mam-
mals. The master or“central”clock is located in the hypothalamic
suprachiasmatic nucleus (SCN) containing 10–15,000 neurons.
“Peripheral clocks”are present in almost all other mammalian tis-
sues, such as liver, heart, lung, and kidney where they maintain
circadian rhythms and regulate tissue-speciﬁc gene expression.
There is evidence that a functional clock exists in many parts in
the brain, including the hippocampus. Suggesting the presence of
an autonomous clock, Per2 expression was found to be rhythmic
in isolated hippocampus (Wang etal., 2009). What remains to be
determined is whether the genes involved in memory formation
are regulated by the circadian clock.
THE CLOCK MACHINERY
The molecular machinery that regulates circadian rhythms com-
prises of a set of genes, known as “clock” genes, the products of
whichinteracttogenerateandmaintaintherhythms.Aconserved
feature among many organisms is the regulation of the circa-
dian clock by a negative feedback loop (Sahar and Sassone-Corsi,
2009). Positive regulators induce the transcription of clock-
controlled genes (CCGs), some of which encode proteins that
feedback on their own expression by repressing the activity of
the positive regulators. CLOCK and BMAL1 are the positive reg-
ulators of the mammalian clock machinery which regulate the
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expression of the negative regulators: cryptochrome (CRY1 and
CRY2) and period (PER1, PER2, and PER3) families. CLOCK
andBMAL1aretranscriptionfactorsthatheterodimerizethrough
the PAS domain and induce the expression of CCGs by bind-
ing to their promoters at E-boxes (CACGTG). Once a critical
concentration of the Per and Cry proteins is accumulated, these
proteinstranslocateintothenucleusandformacomplextoinhibit
CLOCK–BMAL1mediatedtranscription,therebyclosingtheneg-
ative feedback loop. In order to start a new transcriptional cycle,
the CLOCK–BMAL1 complex needs to be de-repressed through
the proteolytic degradation of Per and Cry. Some CCGs are tran-
scription factors, such as albumin D-box binding protein (DBP),
RORα, and REV-ERBα, which can then regulate cyclic expres-
sion of other genes. DBP binds to D-boxes [TTA(T/C)GTAA],
whereas RORα and REV-ERBα bind to the Rev-Erb/ROR-binding
element,orRRE[(A/T)A(A/T)NT(A/G)GGTCA].Approximately
10% of the transcriptome displays robust circadian rhythmicity
(Akhtar etal., 2002; Panda etal., 2002). Interestingly, most tran-
scripts that oscillate in one tissue (e.g., SCN) do not oscillate in
another (e.g., liver; Akhtar etal., 2002; Panda etal., 2002; Miller
etal., 2007; Masri and Sassone-Corsi, 2010). Further research
is required to identify the genes that display rhythmicity in its
expression in other areas of the brain and are involved in memory
formation.
EPIGENETICS AND CLOCK GENES
Genes encoding circadian clock proteins are regulated by epige-
netic mechanisms, such as histone phosphorylation, acetylation,
and methylation, which have been shown to follow circadian
rhythm (Crosio etal.,2000; Etchegaray etal.,2003; Ripperger and
Schibler, 2006; Masri and Sassone-Corsi, 2010). Exposure to light
causes rapid phosphorylation of Histone 3 on Serine 10 (H3-S10)
in the SCN. This phosphorylation parallels induction of imme-
diate early genes such as c-fos and Per1, thereby indicating that
light-mediated signaling can regulate circadian gene expression
by remodeling the chromatin (Crosio etal.,2000).
CLOCK:BMAL1 mediated activation of CCGs has been shown
to be coupled to circadian changes in histone acetylation at their
promoters (Etchegaray etal., 2003). The central element of the
core clock machinery, the transcription factor CLOCK, also pos-
sesses intrinsic HAT activity (Doi etal., 2006). Since CLOCK
binds to E-box regions of DNA, the HAT activity of CLOCK can
selectively remodel chromatin at the promoters of CCGs. The
HAT function of CLOCK is essential for circadian gene expres-
sion. The enzymatic activity of CLOCK also allows it to acetylate
non-histone substrates such as its own binding partner, BMAL1
(Hirayama etal., 2007). CLOCK speciﬁcally acetylates BMAL1
which facilitates CRY-dependent repression. Histone methyla-
tion is also important for circadian gene expression. MLL1, a
methyltransferase that methylates histone H3 at lysine 4 (H3-K4)
associates with CLOCK, and get recruited to promoters of CCGs
in a circadian manner (Katada and Sassone-Corsi, 2010). H3-K4
methylationatthesepromotersalsodisplayedrhythmicity(Katada
and Sassone-Corsi, 2010). These ﬁndings underscore the impor-
tance of epigenetic mechanisms in circadian regulation and reveal
themolecularpathwaysbywhichsuchessentialcontrolisachieved
(Figure 1).
FIGURE 1 | Epigenetic regulation of gene expression by circadian
clock. CLOCK can acetylate histones to induce gene expression.
CLOCK interacts with MLL1 (a histone methyltransferase) and SIRT1
(a deacetylase).These epigenetic regulators can modify the chromatin
according the environmental stimuli, such as nutrient availability.
Furthermore, REV-ERBα, a clock-controlled gene, can cause recruitment
of HDAC3 and deacetylate histones. Circadian regulation of either the
expression or the activity of these epigenetic regulators determines
whether the gene gets turned “ON” or “OFF .”
The regulatory function of REV-ERBα is controlled by the
nuclear receptor corepressor 1 (NCoR1), a corepressor that
recruits HDAC3, a histone deacetylase, to mediate transcriptional
repression of target genes, such as Bmal1. When the NCoR1–
HDAC3 association is genetically disrupted in mice, circadian
and metabolic defects develop (Alenghat etal., 2008). These
mice demonstrate a shorter period, increased energy expendi-
ture and are resistant to diet-induced obesity (Alenghat etal.,
2008). HDAC3 recruitment to the genome was recently shown
to be rhythmic in liver (high during the day and low at night;
Feng etal., 2011). At these HDAC3 binding sites, REV-ERBα
and NCoR1 recruitment were in phase with HDAC3 recruitment,
whereas histone acetylation and RNA Polymerase II recruitment
were anti-phasic. Although the circadian recruitment of HDAC3
has not been demonstrated in brain, it is interesting to note that
inhibition of HDAC3 leads to enhancement of long-term mem-
ory formation (McQuown etal., 2011). These results raise the
possibility that HDAC3 might be a key player in the integration
of histone modiﬁcation, circadian clock, and memory formation
(Figure 1).
SIRT1: A POSSIBLE MEDIATOR OF CIRCADIAN RHYTHMS
AND MEMORY FORMATION
ROLE OF SIRT1 IN REGULATION OF CIRCADIAN RHYTHMS
The ﬁnding of a circadian HAT opened the search for a coun-
terbalancing histone deacetylase (HDAC). Recently, SIRT1 was
identiﬁedtobeacriticalmodulatorof thecircadianclockmachin-
ery (Asher etal., 2008; Nakahata etal., 2008). SIRT1 belongs to
the family of sirtuins, which constitutes the so-called class III
of HDACs. These are the only HDACs whose enzymatic activ-
i t yi sN A D +-dependent, and that has been directly linked to the
control of metabolism and aging (Bishop and Guarente, 2007).
Histone H3 Lys9 and Lys14 at circadian promoters, BMAL1
and PER2 are speciﬁc targets of SIRT1. The CLOCK–BMAL1
complex interacts with SIRT1 and recruits it to the circadian
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promoters. Importantly, circadian gene expression and BMAL1
acetylation are compromised in liver-speciﬁc SIRT1 mutant mice
(Nakahata etal., 2008). These ﬁndings led to the concept that
SIRT1 operates as a rheostat of the circadian machinery, modu-
lating the amplitude and “tightness” of CLOCK-mediated acety-
lation and consequent transcription cycles (Nakahata etal., 2008;
Figure 1).
Circadian oscillation of SIRT1 activity suggested that cellu-
lar NAD+ levels may also oscillate. Circadian clock controls the
expressionof nicotinamidephosphoribosyltransferase(NAMPT),
a key rate-limiting enzyme in the salvage pathway of NAD+
biosynthesis (Nakahata etal., 2009; Ramsey etal., 2009). The
rhythmicity in the expression of this enzyme drives the oscilla-
tion in NAD+ levels (Nakahata etal., 2009; Ramsey etal., 2009).
CLOCK, BMAL1, and SIRT1 are recruited to the NAMPT pro-
moter in a circadian time-dependent manner. The oscillatory
expression of NAMPT is abolished in clock/clock mice, which
resultsindrasticallyreducedlevelsofNAD+ inMEFsderivedfrom
thesemice(Nakahataetal.,2009).Theseresultsmakeacompelling
case for the existence of an enzymatic/transcriptional feedback
loop,wherein SIRT1 regulates the levels of its own cofactor. Inter-
estingly,micedeﬁcientofNAD+ hydrolaseCD38displayedaltered
rhythmicity of NAD+.V e r yh i g hl e v e l so fN A D + in tissues such
as the brain and liver have been reported in the CD38-null mice
(Aksoy etal., 2006). The high, chronic levels of NAD+ results in
several anomalies in circadian behavior and metabolism (Sahar
etal., 2011). CD38-null mice display a shortened period length
of locomotor activity and alteration in the rest-activity rhythm
(Sahar etal., 2011). The question that still remains is whether
NAD+ levels oscillate in the SCN or in other parts of the brain,
such as hippocampus.
PROTECTION FROM NEURODEGENERATION BY SIRT1
The ﬁnding that SIRT1 acts as a rheostat of circadian acetyla-
tion is of interest as it may be linked to other, recently described
functions of this regulator in aging and neurodegeneration (Gan
and Mucke, 2008). SIRT1 was shown to deacetylate and coacti-
vate retinoic acid receptor β (RARβ), which leads to induction
of the expression of Adam10, a gene that encodes α-secretase
(Donmez etal., 2010). Cleavage of the amyloid precursor pro-
tein by α-secretase prevents the production of the toxic amyloid β
peptidesthatcauseAlzheimer’sdisease(AD).Thus,SIRT1appears
to have a neuroprotective role (Donmez etal., 2010). SIRT1 also
deacetylates tau and prevents tauopathy that is evident in several
neurodegenerativediseases(Minetal.,2010).Moreover,treatment
withSIRT1activatorresveratrolorectopicexpressionofSIRT1was
shown to prevent neuronal cell death (Kim etal., 2007).
SIRT1 AND MEMORY FORMATION
RecentreportssuggestthatSIRT1alsoplaysamajorroleinsynap-
tic plasticity and memory formation (Gao etal., 2010; Michan
etal., 2010). Brain-speciﬁc SIRT1 mutant mice (Gao etal., 2010)
or the whole body SIRT1 knockout mice (Michan etal., 2010)
displayed defects in learning and memory. Brain-speciﬁc SIRT1
mutant mice display lower levels of CREB protein expression in
the hippocampus (Gao etal., 2010). CREB expression was found
to be downregulated by a microRNA, miR-134. SIRT1 negatively
regulates the expression of miR-134, and thus, in turn, regulates
CREB expression (Gao etal., 2010). miR-134 overexpression in
the hippocampus mimics the loss of SIRT1, whereas knocking
downmiR-134inhippocampusamelioratesmemorydefectsinthe
SIRT1 mutant mice (Gao etal., 2010). If SIRT1 activity is rhyth-
mic in the hippocampus (as it is in the liver), it will be interesting
to determine whether the circadian clock can modulate CREB
expression through SIRT1.
CONCLUSION
The importance of epigenetic events is becoming clear in the reg-
ulation of circadian rhythms and memory. Current data suggests
that many epigenetic regulators themselves are regulated in a cir-
cadian manner, at least in some tissues. The challenge ahead is
to understand whether these epigenetic events follow a rhythmic
pattern in tissues that are involved in the process of learning and
memory, such as hippocampus, cortex, and amygdala.
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